Galactoxylomannan (GalXM) is a complex polysaccharide produced by the human pathogenic fungus Cryptococcus neoformans that mediates profound immunological derangements in murine models. GalXM is essentially non-immunogenic and produces immune paralysis in mice. Previous studies have attempted to enhance immunogenicity by conjugating GalXM to a protein carrier, but only transient antibody responses were elicited. Here we report the generation of two GalXM conjugates with bovine serum albumin (BSA) and protective antigen (PA) of Bacillus anthracis, respectively, using 1-cyano-4-dimethylaminopyridinium tetrafluoroborate (CDAP) as the cyanylating reagent. Both conjugates induced potent and sustained antibody responses as detected by both cross antigen-based and CovaLink direct ELISAs. We confirmed the specificity of the response to GalXM by inhibition ELISA and immunofluorescence. The isotype composition analysis revealed that IgG and IgM were abundant in the immune sera against GalXM, consistent with the induction of a T cell-dependent response. IgG1 was the predominant IgG subclass against GalXM, while immunization with Quil A as adjuvant elicited a significantly higher production of IgG2a than with Freund's adjuvant. Immune sera were not opsonic for C. neoformans and there was no survival difference between immune and non-immune mice challenged with C. neoformans. These results demonstrated the effectiveness of the GalXM-protein conjugate to induce robust immune responses although no evidence was obtained that such responses contributed to host defense.
Introduction
Cryptococcus neoformans is an opportunistic basidiomycete that causes life-threatening infections primarily in immunocompromised patient populations, especially those with HIV infection, cancers, or organ transplant [1] . One of the major virulence factors of C. neoformans is its capsule, which enhances fungal survival by impeding macrophage phagocytosis [2] . The capsular polysaccharide (CPS) consists of glucuronoxylomannan (GXM), galactoxylomannan (GalXM), and mannoprotein [3] [4] [5] . Among the three components, GalXM is the most numerous polysaccharide on a molar basis in the capsule, bearing a galactopyranose backbone with xylose and mannose side groups [4, 6] . Recent studies on GalXM structures also revealed the presence of glucuronic acid that gives the negative charge to this polysaccharide [7, 8] .
GalXM causes profound deleterious effects on the immune system. GalXM inhibits proliferation in T cell and peripheral blood mononuclear cell (PBMC), increases IFN-␥ and IL-10 production, and induces T cell apoptosis mediated by caspase-8 and glycoreceptors including CD7, CD43, and CD45 [9] [10] [11] . GalXM induces TNF-␣, NO production, iNOS expression, and Fas/FasL-mediated apoptosis in macrophage [12] . GalXM influences cytokine production and causes caspase-3-dependent apoptosis in B cell [13] . Given its abundance in shed capsular polysaccharide, its potent effects on the immune system, and a unique structure that distinguishes it from host polysaccharide antigens, GalXM is arguably a good target for antibody and vaccine development.
Microbial polysaccharides are generally poorly immunogenic Tcell independent type 2 antigens, which makes them inefficient antigens for inducing antibody responses [13] [14] [15] . To circumvent this problem, polysaccharides are often conjugated covalently to proteins such as bovine serum albumin (BSA), tetanus toxoid (TT), and protective antigen (PA) [16] [17] [18] . This approach has formed the basis of several licensed pediatric polysaccharide-based vaccines [19, 20] , and conjugate-immunized mice have provided rich sources of splenocytes for generating libraries of monoclonal antibodies (mAb) to polysaccharide antigens such as GXM [21] [22] [23] . Previously we reported the conjugation of GalXM to PA that elicited antibody in mice [16] . However, the immune responses were transient and no hybridomas were recovered that produced antibodies to GalXM. In the present study we report new conjugates that elicit sustained antibody responses to GalXM and characterize their biological activity.
Materials and methods

C. neoformans strains
C. neoformans var. neoformans acapsular mutant cap67, a strain derived from strain B3501 (serotype D), was obtained from American Type Culture Collection (Manassas, VA). Strain cap67 is also known as B-4131 in the literature and its capsular phenotype can be restored by complementation with the gene CAP59 [24] . In the immunofluorescence studies, wild type strains H99 (serotype A), 24067 (serotype D), and mutants cap67 and uge1 (serotype D) were used. The strain uge1 is a mutant in which the UGE gene encoding a putative UDP-glucose epimerase is deficient and does not make GalXM [16, 25] . C. neoformans wild type strains H99 and 24067 were obtained from the New York State Herbarium, Albany, NY, and uge1 was a kind gift from Dr. Guilhem Janbon at Institut Pasteur.
GalXM isolation
GalXM was isolated from the C. neoformans culture supernatant, as described [4] . Briefly, a 500 ml culture of C. neoformans var. neoformans strain cap67 (serotype D) was grown in peptone supplemented with 2% galactose for 7 d. The culture supernatant was then separated from the cells by centrifugation at 900 × g for 15 min at room temperature and passed through a 0.2 m filter. The supernatant was concentrated and lyophilized. The freeze-dried mixture was dissolved in 60 ml start buffer (CaCl 2 and Mn(II)Cl 2 [final concentrations: 1 mM] were sequentially added to 0.01 M Tris base and 0.5 M NaCl solution, pH 7.2). To separate the GalXM and mannoproteins the solution was continuously passed through a Concanavalin A-Sepharose 4B column (Sigma Aldrich) overnight at 4 • C using a peristaltic pump with a flow rate of 16 ml/h. The flow through and 5 column washes with start buffer were collected as 45-ml fractions. Carbohydrate containing fractions were identified using the phenol-sulfuric assay [26] . The fractions were combined, concentrated, and dialyzed against water for 3 d. GalXM was then recovered by lyophilization. The carbohydrate composition analysis of the isolated GalXM was confirmed by combined gas chromatography/mass spectrometry of the per-O-trimethylsilyl derivatives of the monosaccharide methyl glycosides produced from the sample by acidic methanolysis. Composition analysis revealed the mole percentages for glucuronic acid (1.9%), xylose (12.6%), mannose (25.8%), and galactose (56.6%). These numbers closely approximate the mass composition described by previous reports [4, 8] . Purified GalXM was tested for possible Con A contamination employing an anti-Con A antibody (Vector Laboratories) by Western blotting, and no Con A was detected (data not shown).
GalXM-protein coupling and its purification
Purified
GalXM was activated with 1-cyano-4-dimethylaminopyridinium tetrafluoroborate (CDAP) as described, with modifications [27, 28] . In brief, GalXM was dissolved in 0.1 M sodium borate buffer, pH 9 (35 mg/ml). At t = 0 s, 0.3 ml of CDAP (100 mg/ml in acetonitrile) was added slowly with stirring. At 30 s, 0.2 ml of 0.5 M NaOH solution was added to the mixture to raise the pH to ∼9.2. At t = 8 min, 15 mg of BSA or 5 mg of PA in 0.15 M HEPES buffer, pH 7, was added to the mixture. The reaction was then run for 3 h at 25 • C and terminated by 100 l 1 M ethanolamine in 0.75 M HEPES buffer, pH 7. Polysaccharide-protein conjugate product was purified using an S200HR column (GE Healthcare Life Sciences), equilibrated with saline. The void volume was determined by Blue dextran elution, and the column was calibrated with dextran (100 kDa), BSA (67 kDa), and ribonuclease (13.7 kDa). HPLC was performed on HPLC size exclusion columns monitored at 280 nm. The presence of carbohydrate and protein contents in fractions was confirmed by phenol-sulfuric acid assay and Bradford assay, respectively.
Animals and immunization with conjugates
Six-to eight-week-old female BALB/c mice were obtained from the National Cancer Institute (Bethesda, MD), and all the animal experiments were done according to the institutional guidelines. BALB/c mice in groups of three were immunized with the 0.5, 5, and 50 g of GalXM-BSA or GalXM-PA conjugate subcutaneously in Quil A or intraperitoneally in Freund's complete adjuvant. Control mice were injected with saline, BSA, or PA in the relevant adjuvant. Boosts were performed in Quil A or Freund's incomplete adjuvant on 14 and 28 d after the first immunization. Blood samples were collected on days 0, 14, 28, and 42. Serum titers were then tested.
Serum antibodies
Blood was collected from mice, and serum was analyzed by cross antigen-based enzyme-linked immunosorbent assays (ELISAs). To test the serum reactivity against GalXM from GalXM-BSA immunized mice, Costar plates were coated with GalXM-PA in concentrations indicated in figures. As a negative control, PA was coated to plates separately to test if GalXM-BSA immunized mouse sera cross-react with PA. Vice versa, Costar plates were coated with GalXM-BSA to test the sera obtained from GalXM-PA immunized mice. BSA coated condition was used as the negative control. We used cross conjugate reactivity to detect the presence of antibodies to GalXM, because GalXM did not bind to the polystyrene (see below). This coating method was based on no cross-reactivity between the carrier proteins and the blocking reagent, i.e. ovalbumin [16, 29] . Following the coating of antigens, the plates were blocked with 1% ovalbumin, and a 1:100 dilution of serum was serially diluted in a 1:3 ratio along the plate unless specifically stated. A cocktail of alkaline phosphatase-conjugated anti-immunoglobulin M (IgM), -IgA, and -IgG (H + L) polyclonal antibodies (Southern Biotechnology, Birmingham, AL) at 1 g/ml was used as the secondary antibody for the detection of bound antibodies. For antibody isotype and subclass studies, alkaline phosphatase-conjugated goat anti-mouse IgG, -IgA, -IgM, -IgG1, -IgG2a, -IgG2b, and -IgG3 were used individually at 1 g/ml. Reactions were developed with pnitrophenyl phosphate (PNPP), and the absorbance was measured at 405 nm. Ovalbumin-coated plates were used as a negative control. Serum reactivity against GalXM was also tested using the specialized ELISA plate, Nunc CovaLink TM NH Modules (Fisher Scientific), with -NH 2 group exposed on the surface to allow covalent binding to GalXM. 12 mg of GalXM was dissolved in 1 ml 0.1 M sodium borate buffer, pH 9. At t = 0 s, 0.3 ml of CDAP (100 mg/ml in acetonitrile) was added slowly with stirring. At 30 s, 0.2 ml of 0.5 M NaOH solution was added to the mixture to raise the pH to ∼9.2. At t = 8 min, activated GalXM solution was added to the plate and serially diluted across the plate making 1:10 dilutions. The covalent binding of GalXM to the plate was performed at room temperature for 30 min. 25 l of 1 M ethanolamine in 0.75 M HEPES buffer, pH 7, was added to terminate the reaction. Approximately 60 min later the antigens were removed then blocked with 1% ovalbumin, followed by the ELISA procedures as described above.
Inhibition ELISA
Using Nunc CovaLink NH plates where GalXM was covalently bound to the surface, GalXM-BSA conjugate immune sera were diluted 1:100, 1:200, and 1:400, and incubated with various concentrations of free soluble GalXM ranging from 0 to 6 mg/ml. Specific antibody binding was then detected as described above.
Immunofluorescence
C. neoformans strains were grown in Sabouraud dextrose broth (Difco Laboratories, Detroit, MI) for 1 d at 30 • C. The cells were then transferred to capsule inducing media (1:10 Sabouraud broth-MOPS (morpholinepropanesulfonic acid), 50 mM, pH 7.3) for another day of incubation at 30 • C to allow for capsule growth [30] . The cells were washed three times with phosphate-buffered saline (PBS, pH 7.4) and counted with a hemocytometer. For GalXM staining using GalXM-BSA or GalXM-PA immune sera, 2 × 10 6 cells in 100 l of IF buffer (1% BSA and 0.05% goat serum in PBS) were incubated with 4 l of serum for 1 h at room temperature. Cells were washed three times with buffer and incubated with 1:25 dilution of goat anti-mouse IgM-FITC as the secondary antibody for 1 h at room temperature. Cells were then washed and incubated with 1:10,000 Uvitex 2B (Polysciences Inc.) in PBS for 20 min. Stained cells were suspended in mounting media (50% glycerol and 50 mM N-propyl gallate in PBS) and imaged by epifluorescence microscopy on a Zeiss Axioskop 200 inverted microscope equipped with a cool chargecoupled device using a 63×, 1.4-numerical-aperture (NA) objective with a 1.6× optovar. Images were acquired using the same exposure time and microscopic setting, and processed by Axio Vision 4.6 software (Carl Zeiss Micro Imaging, New York, NY).
Protection studies
C. neoformans strain 24067 (serotype D) was used for the protection experiments. This strain was selected because it has been used extensively in prior passive protection studies [23, 31] and was of the same serotype as the strain from which GalXM was obtained. Female BALB/c mice (6-8 weeks old) were obtained from the National Cancer Institute and divided into three groups. Nine to ten mice per group were immunized intraperitoneally in Freund's adjuvant with 50 g of GalXM-BSA, BSA, or PBS, respectively. Mice were boosted subsequently on days 14, 28, and 42. Each group of mice was then infected intravenously with 1 × 10 5 of fungal cells in 100 l of PBS, and was monitored daily for the survival. The route of infection and specific inoculum were selected because this model was effective in demonstrating antibody-mediated immunity in prior vaccine experiments [54] and passive antibody protection experiments [31] .
Phagocytosis assay
Phagocytosis assay was performed using C. neoformans strain 24067 and macrophage-like cell line J774 at an E:T ratio of 2:1, with 1 × 10 5 C. neoformans per well. C. neoformans was incubated with J774 in 96 well plate containing sera from PBS control, BSA immunized, or GalXM-BSA immunized mice for 2 h at 37 • C in 10% CO 2 . mAb 18B7 was used as the positive control [32] . The culture was washed and fixed with ice-cold methanol for 30 min at −20 • C. Cells were then stained with Giemsa diluted 1:20 with water. Cells were counted under an inverted light microscope, and the phagocytosis index was measured by the number of macrophage with internalized C. neoformans divided by the total number of macrophage per field of view. At least 3 field of views and 400 cells per well were analyzed. 
Statistics
Statistical differences in survival rates were examined using the log-rank survival test. A p value of <0.05 was considered to be significant.
Results
GalXM activated by CDAP conjugates to BSA and PA, respectively
GalXM did not react with proteins without CDAP, such that coincubating GalXM with CDAP alone yielded no conjugate (data not shown). Unreacted dimeric and monomeric forms of BSA eluted at 44 and 53 ml, respectively, in our chromatography conditions. Addition of BSA to CDAP-activated GalXM resulted in a peak signal from the GalXM-BSA conjugate at 40 ml of the elution volume, a shift of protein signal that came from the conjugated BSA (Fig. 1A) . Phenol-sulfuric acid test revealed the presence of polysaccharide in the putative conjugate fraction (Fig. 1A) . Addition of PA to CDAP-activated GalXM also left-shifted the protein peak signal from 50.5 ml to 34.5 ml that closely paralleled the presence of polysaccharide as detected by the phenol-sulfuric assay (Fig. 1B) . Fractions of the conjugate were loaded to SDS gel then stained with Coomassie Blue. The results indicated the presence of protein bands with high-molecular weight (>250 kDa) (data not shown). Taken together, we conclude that GalXM was conjugated to BSA and PA, respectively, after being activated by CDAP. , and PBS control sera (closed square) were tested against GalXM-BSA. GalXM-PA immune sera were tested against BSA as a negative control (closed triangle).
Antibody responses after GalXM-protein immunization detected by ELISA
Initially we employed cross antigen-based ELISA to detect antibody responses to GalXM because GalXM did not appear to bind to polystyrene plates. Two conjugates were made by conjugating GalXM to BSA and PA, respectively. GalXM-PA was coated on Costar ELISA plate and tested with GalXM-BSA immune sera. The results revealed that only conjugate-immunized mice produced antibodies against GalXM (Fig. 2A) . Most importantly, the serum antibodies in mice immunized with GalXM-BSA did not cross-react with PA, indicating that the positive titers were due to GalXM reactivity. On the other hand, immune sera from mice immunized with GalXM-PA reacted only with GalXM-BSA but not BSA (Fig. 2B) . To further confirm the specificity of the sera for GalXM we sought to develop a GalXM-only ELISA. GalXM was covalently linked to the amino group on Nunc CovaLink NH ELISA plate and then tested against the conjugate immune sera. Strong titers were observed with the experimental but not the control group (Fig. 3A) . Moreover, free soluble GalXMs inhibited the binding of immune sera in a dose-dependent manner, providing additional evidence for the specificity of the response (Fig. 3B) . The highest titers induced by GalXM-BSA and GalXM-PA conjugates reached 1:24,300, and did not drop significantly even 6 months after the last boost. Mice immunized with saline, BSA, or PA did not have antibody responses reactive with GalXM.
Immunofluorescence labeling of GalXM on C. neoformans
Immunofluorescence using the immune sera on whole C. neoformans cells was used as an additional measure of reactivity. Control sera did not react with either the non-encapsulated mutant strain cap67 or wild type strains 24067 and H99 (Fig. 4A, C , and E). Conjugate immune sera gave a robust labeling on strains cap67, 24067, and H99, each of which is known to make GalXM (Fig. 4B,  D, and F) . The GalXM labeling patterns for wild type strains versus mutant strains were different, as reported previously [8, 16] . For the non-encapsulated cap67 strain immunofluorescence was rimlike and adjacent to the cell wall (Fig. 4B) , consistent with the reported presence of GalXM in the cell wall. For the encapsulated wild type strains, immunofluorescence was dot-or punctate-like in the region of the capsule (Fig. 4D and F) . No immunofluorescence reactivity was observed when control and conjugate immune sera were tested on C. neoformans GalXM-deficient mutant strain uge1 (serotype D) ( Fig. 4G and H) .
Isotypes composition of the antibody response to GalXM
GalXM-BSA and GalXM-PA conjugate immunized mice produced antibodies to both the polysaccharide and the protein (Fig. 5) . The serum response to GalXM included both IgG and IgM, with IgG being the predominant isotype (Fig. 5A) . In contrast the antibody response against the protein antigen was primarily IgG (Fig. 5B) . Usage of different adjuvants did not affect the proportion between IgG, IgA, and IgM against the polysaccharide and protein components ( Fig. 5A and B) . However, immunization with Quil A as adjuvant induced significantly stronger IgG2a response than that with Freund's adjuvant (Fig. 5C and D) . In all cases, IgG1 was the predominant IgG subclass found in the serum antibodies.
Mice immunized with GalXM-BSA conjugate vaccine manifested comparable survival to non-vaccinated mice when challenged with C. neoformans despite the presence of serum antibodies to this polysaccharide (Fig. 6) . In vitro phagocytosis assays with immune sera revealed that the antibodies were not opsonic (data not shown).
Discussion
Serological reagents have proved useful tools to study GalXM localization in the capsule, antigenic difference of GalXMs among serotypes, and the dynamics of GalXM production during fungal growth [8, 16] . However, the generation of GalXM immune sera has been difficult because of the very poor immunogenicity of this polysaccharide. In this study, we explored the generation of differ- ent GalXM-conjugates. The GalXM-PA conjugate used in previous studies was generated using the traditional cyanogen bromide method [8, 16] . To increase the yield of conjugate and reduce the complexity of the experimental procedure, a less toxic cyanylating reagent known as CDAP was used in this study to make two new conjugates, GalXM-BSA and GalXM-PA. Both conjugates elicited antibodies to GalXM as measured by direct ELISA, inhibition studies with soluble GalXM, and immunofluorescence on whole cells.
Some of the capsular polysaccharides of C. neoformans, such as serotype B and C GXMs, do not bind to polystyrene ELISA plate [33, 34] . Differences in molar ratios of carbohydrate residues, degree of substitution, and charge of the molecule in GXMs may explain their variable affinity for polystyrene surfaces [35] [36] [37] . Like the GXM from Cryptococcus gattii strains, GalXM does not appear to bind well to the polystyrene in regular ELISA microtiter plates. Also, the high structural heterogeneity of GalXM may increase the batch to batch variation, so that absorption of GalXM to microtiter plates by itself is less reproducible [8, 38, 39] . Protocols to enhance antigen binding usually involve modification of the binding surface. Pretreatment of the hydrophobic plate with polylysine makes it more hydrophilic to favor the binding of a charged polysaccharide [40] . In this study, we employed cross antigen-based ELISA to detect a n t i -I g G ( H + L ) a n t i -I g A a n t i -I g M a n t i -I g G , A , M a n t i -I g G ( H + L ) a n t i -I g A a n t i -I g M a n t i -I g G , A , M a n t i -I g G ( H + L ) a n t i -I g A a n t i -I g M a n t i -I g G , A
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In previous studies we conjugated GalXM to PA using cyanogen bromide as the cyanylating reagent, and obtained antibody response to GalXM through immunization of mice [13, 16] . However, the immune responses were short-lived, and the hybridomas producing antibodies to GalXM ceased to grow at the stage of soft agar cloning. This was thought to be caused by the presence of excess free GalXM in the vaccine preparation that could not be separated from the conjugate moiety, such that the free GalXM continued to mediate B-cell depletion and immunological paralysis [13] . In this study, we were able to separate the conjugate product from free GalXM, and this step was associated with a more effective vaccine that elicited persistently high titers in mice.
To further dissect the antibody responses against GalXM, immunoglobin isotype and IgG subclass composition of the GalXMspecific antibodies was measured. Immunization with GalXM conjugates elicited antibodies against both the polysaccharide and protein components. For all conditions, no IgA was measured, while the IgG response was the strongest. IgM to GalXM was measured but not against the protein carriers, supporting its association with polysaccharide antigens [41] . Choice of carrier protein and adjuvant did not alter the IgG, IgA, and IgM proportion in the sera. In contrast, use of different adjuvants resulted in different IgG subclass production. IgG1 was the predominant IgG subclass against GalXM and the two carrier proteins. Immunization using Quil A as adjuvant led to significantly higher production of IgG2a. IgG1 is associated with Th2-like response, while IgG2a, IgG2b, and IgG3 are associated with Th1-like response [51] . The usage of Quil A as adjuvant has been shown to trigger Th1-like response including the induction of high IgG2a response and the increase of CD8+ cells [42] [43] [44] .
Previous studies have shown the correlation between the immunofluorescence pattern and the protective ability of antibodies against GXM of C. neoformans. Antibodies labeling with a punctate pattern are consistently non-protective, while those with annular pattern can be protective or non-protective depending on their isotype and binding specificity [45, 46] . In vitro phagocytosis assay indicates that non-protective antibodies with punctate pattern are also not opsonic [47] , which agrees with the notion that ingestion of particles by macrophage requires sequential, circumferential interaction between the ligand and receptor [48, 49] . Although those studies were focused on antibodies to GXM they could be relevant to this work because antibodies to GalXM also bind with a punctate pattern on the capsule [8, 16] . Antibodies elicited by the conjugate vaccine were not opsonic, and conjugate vaccinated mice did not live longer than control mice. Hence, the vaccines described here do not appear to modify the course of experimental cryptococcal infection despite their high immunogenicity.
When viewed from the historical context of polysaccharidebased vaccines against C. neoformans we note that first attempt to develop conjugate vaccines against cryptococcosis involved the conjugation of total polysaccharide from C. neoformans to bovine ␥-globulin (BGG), in which the conjugate induced robust immune responses but no protection against fungal infection [50] . Three decades later a vaccine composed of GXM conjugated to tetanus toxoid (TT) was effective in eliciting protective antibodies [17] . Subsequently, a GXM peptide mimetic, P13 (GMDGTQLDRW) selected from a peptide phage display library, was conjugated to TT or BSA, and shown to elicit an antibody response that was associated with prolonged survival in mice infected with C. neoformans [52] . Recently, we conjugated a heptasaccharide oligosaccharide representing the M2 structural motif of GXM to human serum albumin (HSA), but no protection was observed despite its high immunogenicity [53] . In contrast to those studies, which focused on eliciting antibody responses to GXM, this study used GalXM as the target antigen.
In summary, we describe two GalXM conjugates that have superior immunogenicity to those previously described, possibly because removal of free GalXM eliminated the detrimental effects of this powerful immunomodulator. The conjugates are useful for generating serum immune responses, but the antibody responses are not protective. We caution that our inability to demonstrate that our GalXM conjugates elicit protective responses does not imply that all antibodies to GalXM are non-protective. In this regard, we note that early conjugate vaccines against C. neoformans based on capsular polysaccharide were not protective [50] , while subsequent conjugates were effective in eliciting protective antibodies [17] . However, we did not feel that additional animal experimentation was justified with this vaccine given that the antibody response elicited was non-opsonic, punctuate by immunofluorescence, and not protective against C. neoformans. Hence, we consider the GalXM conjugate vaccines described here an advance in establishing that GalXM can elicit strong antibody responses that are likely to yield useful serological reagents while acknowledging that at this time there is no evidence that antibodies to GalXM contribute to protection.
